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Al-2 vol pct fullerene (C60) composites with relative
densities of >0.98 are manufactured by high-pressure
torsion of ball-milled powders under an applied pressure
of 6 GPa. A considerable Al grain reﬁnement to ~53 nm
and a homogeneous distribution of fullerenes give rise to
a very high hardness of 152 Hv and yield stress of
405 MPa. Nevertheless, the poor tensile ductility due to
the low work-hardening rate is achieved.
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Fullerenes in the buckyball structure are composed of
atomic arrangement of carbon into pentagons and
hexagons in the form of a hollow sphere. Since the
discovery of fullerenes in 1985 by Kroto et al.,[1] a
considerable attention has been focused on their syn-
thesis, characterization, and applications. A signiﬁcant
potential application of fullerenes is as reinforcement in
metallic alloys for structural parts.[2] The production of
metal matrix composites (MMCs) reinforced with
fullerenes has been a subject of numerous investigations
in the recent years.[2–5] Several methods have been used
for the fabrication of these composites including code-
position,[3] squeeze casting,[4] and powder metallurgy.[5]
In these techniques, the materials are exposed to high
temperatures for relatively long periods, which cause a
deleterious chemical reaction between fullerenes and
metal matrix due to high reactivity and large surface
area of fullerenes. For instance, formation of Al4C3
carbides has been reported during preparation of Al/
C60 composites,[4] which may act as the preferred
regions for initiation and propagation of microcracks.
Furthermore, the fullerene molecules are unstable in the
matrix during processing at high temperatures.[6]
An alternative route for manufacturing of fullerene-
reinforced MMCs at low temperatures is severe plastic
deformation (SPD). Utilizing of SPD techniques not
only hinders the formation of detrimental phases, but
also uniformly disperses the fullerene within the matrix
and signiﬁcantly reﬁnes the matrix microstructure.
Morisada et al.[7] have dispersed fullerene into Al5083
by friction stir processing (FSP) and have shown a
remarkable increase of hardness by both the grain
reﬁnement and the dispersion of fullerene molecules.
Tokunaga et al.[8] have used high-pressure torsion
(HPT) for consolidation of Al-fullerene powders.
Although a signiﬁcant Al grain reﬁnement took place,
they have stated the inhomogeneous distribution of
fullerenes within the matrix.
The aim of this study is to fabricate fullerene-
reinforced MMCs with a homogeneous distribution of
reinforcement molecules within the Al matrix using
HPT. In this method, intense shear strains are imposed
to a sample located between two anvils rotating under a
high pressure. For improvement of fullerenes’ disper-
sion, high-energy ball milling (HEBM) of Al and
fullerene powder mixtures was performed prior to
HPT. HEBM has a great potential for dispersing
various reinforcements into the matrix by repeated
cycles of welding-fracture-rewelding of the particles.[9]
The microstructural features and mechanical properties
of the Al-fullerene nanocomposites were investigated.
The aluminum (>99 pct) and fullerene (99.9 pct)
powders were used as starting materials. Fullerenes
were dispersed in ethanol by using an ultrasonic shaker
for 1 hour, and then Al powders were added into the
dispersion and sonicated for 0.5 hour. After drying, Al-
2 vol pct, fullerene powder mixtures with 10-mm-di-
ameter steel balls were placed in milling vials in order to
give a ball-to-powder weight ratio of 10:1. One
weight percent stearic acid was added to prevent powder
sticking to the balls and the vial walls. The vials were
ﬁlled with argon and were agitated using a planetary ball
mill at 350 rpm for 4 hours. The powders were degassed
at 723 K (450 C) for 1 hour and were stored in an
argon-ﬁlled glove box.
The HPT consolidation was conducted under a quasi-
constrained condition where there was some limited
outward ﬂow between the upper and lower anvils. 0.3 g
of the Al-fullerene powder mixture was precompacted
into disk-shaped samples 10 mm in diameter and
1.5 mm in thickness and then was placed between
HPT anvils with a circular shallow hole, 10 mm in
diameter and 0.25 mm deep. The compression was
performed under an applied pressure of 6 GPa at room
temperature. Simultaneously, the lower anvil was rotat-
ed with a rotational speed of 1 rpm by 1 to 15 turns, and
surface friction forces deformed the disk by shear under
quasi-hydrostatic pressure. Consolidation of HEBMed
powders by HPT produced thin disk samples 10 mm in
diameter and ~0.8 mm in thickness.
The density of disks was measured using a Mettler
Toledo XP205 density meter. The microhardness was
measured across the diameter of each disk with an
applied load of 2.94 N using a Vickers indenter (Future-
Tech FM-700, Japan). The tensile test was conducted
using an Instron (8862 High-Precision Electric Actuator
Systems, MA) machine operated at an initial strain rate
of 103 s1. Four microtensile samples of a dog-bone
shape with a 1.5-mm gage length and 1-mm width were
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cut from the disks using electro discharge machining
(EDM) at a distance of 2.5 mm from the center. The
samples were polished for removing surface defects that
may be introduced by EDM to a 0.5-mm thickness.
During the tensile test, precise strains were measured by
ARAMIS 5 M (GOM mbH, Germany) vision strain
system using the digital image correlation (DIC)
method. Before testing, a random black-and-white
speckled pattern was created on the surface of the
tensile samples in order to accurately measure local
coordinates in the DIC method. The fracture surface of
the tensile samples was examined using a ﬁeld emission
scanning electron microscope (FE-SEM, JEOL JSM-
6330F, Japan).
The polished samples were etched using a solution of
1 pct HF in distilled water, and the microstructure was
observed using optical microscope (OM, Olympus
BX61, Japan). The internal microstructures of the disks
were examined by scanning transmission electron mi-
croscopy (STEM, JEOL JEM 2100F TEM, Japan)
operating at 200 kV. The STEM specimens were pre-
pared by dual beam focused ion beam milling, using a
3D Total Analysis (Helios Nanolab Dual Beam, FEI,
Hillsboro, OR) cut from the HPT disks at a distance of
2.5 mm from the center.
Figure 1 shows the variation of relative density (RD)
of Al-fullerene against the number of turns (N). The RD
of compacts increased from 0.911 to 0.935 after HPT for
N = 1. While a signiﬁcant densiﬁcation was attained
after N = 5, consecutive straining to 15 turns slightly
increased the density of HPT disks. Near-full density
disks with a RD of 0.984 were achieved due to the severe
straining, concurrent with the large pressure imposed by
the HPT process. Moreover, the scatter of the RD
decreased with the increasing N.
The Al-fullerene powders present ﬂattened mor-
phology with an average particle size of ~100 lm
(Figure 2(a)), revealing predomination of plastic defor-
mation mechanism upon HEBM. After HPT consolida-
Fig. 1—Relative density of Al-Fullerene as a function of number of
turns.
Fig. 2—(a) SEM micrograph from Al-Fullerene powder; (b through d) microstructure of HPT Al-Fullerene disk processed for 10 turns in the
middle region: (b) OM image; (c) BF-STEM image; and (d) HAADF image including SAD pattern.
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tion for 10 turns, the powders were well bonded
together, and the prior particle boundaries were not
visible (Figure 2(b)) due to the severe shear straining
upon HPT. Representative brightﬁeld (BF) and high-
angle-angular-dark-ﬁeld (HAADF) TEM micrographs
after HPT for 10 turns (Figures 2(c) and (d)) illustrate
that HPT deformation gives rise to a signiﬁcant grain
reﬁnement. Although some of very ﬁne grains (<~50
nm) are equiaxed, most of the grains are ﬂattened in a
direction perpendicular to the compression axis. The
size range of the grains is from 10 to 350 nm, more
frequently, from 10 to 50 nm. The average length and
thickness of grains were measured from 100 grains, and
determined to be 86± 60 nm and 33± 17 nm, respec-
tively. The wide grain size distribution can be because all
the grains have diﬀerent orientations and receive locally
diﬀerent loading conditions, although the overall exter-
nal loading is homogeneous. This grain size is smaller
than the grain sizes in pure Al (~287 nm) and
Al-3 vol pct carbon nanotube (~65 nm) processed
similarly.[10] The grain structure is also ﬁner than
Al-5 wt pct fullerene processed by HPT under an
applied pressure of 2.5 GPa for 15 turns (~80 nm[8])
and Al5083-fullerene fabricated by FSP under the travel
speed of 50 mm min1 and the tool rotating rate of
1500 rpm (~200 nm[7]). The SAD pattern, shown as
inset in Figure 2(d), exhibits continuous rings from
individual spots due to the FCC Al phase indicator of
grains separated by high-angle grain boundaries.
The Vickers microhardness, Hv, values are shown in
Figure 3(a) where the lower line shows the initial
microhardness for the Al-fullerene powder before
HPT. These plots exhibit that the Hv increases from
the center to the edge of the disk. Moreover, micro-
hardness signiﬁcantly increases with N, especially in the
central regions. It is apparent that the error bars are
larger in the central regions, and decrease with an
increase in N, revealing a gradual transition to mi-
crostructural uniformity after large numbers of turns.
For the 10- and 15-turn disks and beyond a distance of
4 mm from the center, the Hv values appear to reach
saturation at Hv 152. This hardness is larger than the
maximal hardness values of fullerene-reinforced pure Al
(118 Hv[8]) and Al5083 (135 Hv[7]) matrix composites
processed by HPT and FSP, respectively. In processing
by HPT, the shear strain imposed on a disk, c, is
estimated by c ¼ 2pNr=h,[11] where r is the distance from
the center of the disk, and h is the thickness of the disk.
By considering an average value of h 0.8 mm, the





and the Hv values were re-plotted against eeq (Fig-
ure 3(b)). It is clear that a signiﬁcant strain hardening
occurs at the lower eeq and then reaches a constant value
of ~152 Hv at eeq>  100. This behavior is typical of a
very wide range of metals and MMCs where recovery
processes cannot easily occur.[12]
Figure 4(a) shows tensile stress–strain curve of Al-
2 vol pct fullerene composite at room temperature. A
rapid hardening occurred during deformation, and a
very high tensile strength of 409 MPa was achieved.
Interestingly, this strength is approximately 63 pct
higher than that of Al-5 wt pct fullerene processed
through HPT.[8] It has been proposed to estimate the
yield stress, ry, as the sum of contributions from
multiple strengthening mechanisms, including grain
boundary strengthening (rb), dislocation strengthening
(rq), and dispersion hardening (rd) expressed in the
equations[13,14]:




/ f1=2  1ð Þ ;
½1
where r0 is the friction stress (20 MPa
[15]), ky is the
Hall–Petch coeﬃcient (0.04 MPa
ﬃﬃﬃﬃ
m
p [15]), d is the grain
size, a is a constant (0.93[16]), G is the shear modulus
(25.8 GPa), b is the Burgers vector (0.286 nm), q is the
dislocations’ density (estimated by the line intercept
method,[17] 59 1014 m2), m is the Taylor factor
(3.06[12]), F is the diameter of fullerene (8 to 15 nm),
and f is the concentration of fullerene (0.02). In this ana-
lysis, the role of dispersion of thin oxide layer initially
Fig. 3—Variation of Vickers microhardness with (a) distance from
the center of the disks; and (b) the equivalent von Mises strain after
the HPT process for various numbers of turns.
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present on the surface of gas-atomized Al powders has
not been considered. The yield stress of Al-2 vol pct
fullerene has been calculated to be 430 MPa, which is in
convincing agreement with an experimental value,
405 MPa. It should be stated that the grain boundary
strengthening and hardening resulting from fullerene
particles are the dominant strengthening mechanisms
with a relatively similar contribution (~40 pct).
Inspection of the stress–strain curve indicates that a
slight strain hardening takes place in contrast to the
pure Al sample that exhibited an extensive strain-
hardening behavior described elsewhere.[10] The time of
absorption of dislocations by grain boundaries during
tensile deformation can be expressed as t ¼ qbd=c_e,[18]
where c is a geometric factor, and _e is the strain rate.
Taking c = 2.4 and _e = 103 s1, t was estimated to be
less than 1 second which is much smaller than the tensile
deformation time (~135 second). Accordingly, the dis-
locations trapped at grain boundaries would have
enough time to spread into the grain boundaries during
tensile deformation, resulting in a limited dislocation
accumulation and strain hardening.
The equivalent strain distribution on the surface of
the tensile specimen obtained from the DIC analysis
(indicated as inset in Figure 4(a)) revealed that only a
slight plastic deformation was accumulated in the
specimen so that little-to-no necking took place. Thus,
the smooth fracture surface with a fracture path
perpendicular to the loading direction was accomplished
(Figure 4(b)). Although some shallow and ﬁne dimples
were observed on the SEM fractographs at a higher
magniﬁcation (Figure 4(c)), the fracture surface pre-
dominantly appeared to be cleaved. The poor tensile
ductility at room temperature has been reported previ-
ously in several nanocrystalline materials,[19,20] being
attributed to the processing artifacts, tensile instability,
and crack shear instability.[21] Here, the low work-
hardening rate as a consequence of a little interaction of
dislocations within the grain interior after plastic defor-
mation is principally responsible for the poor ductility of
Al-fullerene composite.
In summary, the microstructure and mechanical prop-
erties of Al-2 vol pct fullerene composite fabricated by
HPTwere investigated.Ahigh degree of densiﬁcation and
a substantial grain reﬁnement were obtained after the
HPT process for 10 turns under the applied pressure of
6 GPa.Evaluating themechanical properties indicated an
improvement of ~93 pct in the yield stress and 58 pct in
the hardness of the Al-fullerene composites over the
unreinforcedAl, which wasmainly attributed to the grain
boundary and Orowan strengthening mechanisms.
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